Unsteady Couette flow of a viscous incompressible fluid between two horizontal porous flat plates is considered. The stationary plate is subjected to a periodic suction and the plate in uniform motion is subjected to uniform injection. Approximate solutions have been obtained for the velocity and the temperature fields, skin friction by using perturbation technique. The heat transfer characteristic has also been studied on taking viscous dissipation into account. It is found that the main flow velocity decreases with increase in frequency parameter. On the other hand, the magnitude of the cross-flow velocity increases with increase in frequency parameter. It is seen that the amplitude of the shear stress due to main flow decreases while that due to cross-flow increases with increase in frequency parameter. It is also seen that the tangent of phase shifts both due to the main and cross-flows decrease with increase in frequency parameter. It is observed that the temperature increases with increase in frequency parameter.
Introduction
Couette flow is important in numerous mechanisms involving the relative motion of two surfaces. The problem of Couette flow is considered important in transpiration cooling. In this process several engines can be protected from the influence of hot gases. This process is used in turbojet and rocket engines, like combustion chamber walls, exhaust nozzles, and gas turbine blades. The solution is well known when both surfaces are flat and moving in their own planes. An exact solution of Navier-Stokes equations between two parallel plates without suction is well known in Schlichting [3] . Two-dimensional plane Couette flow with transpiration cooling applying uniform injection and suction at the porous plates is discussed by Eckert [1] . Gersten and Gross [2] studied the threedimensional flow and heat transfer along a flat plate by applying periodic suction. Singh et al. [7] analyzed the three-dimensional flow and heat transfer past a vertical wall. Singh et al. [6] and Singh [4] studied the three-dimensional flow and heat transfer past a porous 2 Three-dimensional Couette flow with heat transfer plate. Recently Singh [5] discussed the Couette flow between two parallel plates with transverse sinusoidal injection of the fluid at the stationary plate and the constant suction at the plate in motion.
However, the application of the transverse sinusoidal injection or suction velocity in the unsteady problem of transpiration cooling has not yet received much attention. In the present paper we have studied the unsteady Couette flow and heat transfer between two horizontal parallel porous flat plates with periodic suction at the stationary plate and constant injection at the plate in motion. We assume that the periodic suction velocity is time-dependent and perpendicular to the flow direction. Due to the periodic suction the flow becomes three dimensional. The main flow velocity profile, cross-flow velocity profile, and shear stress have been calculated and plotted. The heat transfer characteristic has also been studied on taking viscous dissipation into account. It is found that the main flow velocity increases with the increase in either Reynolds number or suction parameter, while it decreases with the increase in frequency parameter. On the other hand, the magnitude of the cross-flow velocity increases with the increase in either suction parameter or frequency parameter, while it increases near the stationary plate and decreases near the moving plate with the increase in Reynolds number. It is seen that the amplitude of the shear stress due to main flow increases with the increase in Reynolds number but decreases with the increase in frequency parameter. The phase shift decreases with the increase in frequency parameter. But for very small values of Reynolds number, it increases and decreases for large Reynolds number. Also it is seen that the amplitude of the shear stress due to cross-flow increases with the increase in either Reynolds number or frequency parameter. The phase shift decreases with the increase in frequency parameter while it increases with the increase in Reynolds number. It is observed that the temperature increases with the increase in frequency parameter, on the other hand, it increases near the stationary plate and decreases near the moving plate with the increase in Reynolds number.
Formulation of the problem
Consider the unsteady flow of a viscous incompressible fluid between two horizontal flat porous plates separated by a distance d. The upper plate moves with a uniform velocity U in the direction of the flow. We choose a cartesian coordinate system with its origin on the lower stationary plate, x -axis is in the direction of the flow, y -axis is perpendicular to the plate, and z -axis normal to the x y -plane.
The upper plate is subjected to a constant injection −V 0 and the lower plate to a transverse sinusoidal suction velocity distribution of the form
where ( 1) is the amplitude of the suction velocity. Denoting velocity components u , v , w in the directions x -, y -, and z -axes, respectively, the flow is governed by where ν is the kinematic viscosity, ρ is the density, p is the fluid pressure.
The boundary conditions of the problem are
Introducing the nondimensional variables 
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Solution of the problem
In order to solve the differential equation (2.5), we assume the solution of the following form:
(3.1) When = 0 the flow becomes two-dimensional with constant suction and injection at both the plates. In this case (2.5) is reduced to
where the primes denote differentiation with respect to y, and the corresponding boundary conditions are
The solutions of (3.2) using (3.3) become
for small values of , we take only upto O( ). Substituting (3.1) in (2.5) and comparing the coefficients of from both sides, we get
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The corresponding boundary conditions are reduced to
These are the linear partial differential equations describing the three-dimensional flow. To solve (3.6), (3.7), and (3.8) we assume u 1 , v 1 , w 1 , and p 1 of the following form:
(3.10)
The corresponding boundary conditions are
Substituting (3.10) in (3.6), (3.7), and (3.8), we get the following differential equations:
Solving (3.12) under the boundary conditions (3.11), we get 
,
. (3.17)
Result and discussion
We have presented the nondimensional main flow velocity u against y for different values of Reynolds number Re, suction parameter S, and frequency parameter ω for z = 0.0, The nondimensional shear stress components due to the main flow and cross-flow at the plate y = 0 are, respectively, Table 4 .3 shows the shear stress due to cross-flow for S = 1.0. It is observed that the amplitude Re 2 of shear stress due to cross-flow increases with the increase in either Re or ω. It is also seen that there is always a phase lag. The magnitude of the tangent of phase angle increases with the increase in Re but decreases with the increase in ω.
Heat transfer
To find the temperature distribution we consider the energy equation
where Φ is the viscous dissipation function given by .2) where C p is the specific heat at constant pressure, and μ is the viscosity, α is the thermal diffusivity of the fluid. We assume the temperature at the lower and upper plates are T 0 and T 1 (T 1 > T 0 ), respectively.
The temperature boundary conditions are
Introducing the nondimensional variables
and on using (2. The corresponding boundary condition is reduced to
We assume the solution of the temperature equation in the form where
for Pr = 2.0,
Equating the coefficient of from both sides, we have
The corresponding conditions for θ 1 are
We assume the solution of the above differential equation (5.13) of the form
Substituting (5.15) in (5.13) and on using (3.10), we get
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The solution of (5.16) subject to the boundary conditions (5.17) and on using (3.4), (3.13), (3.14), and ( One of the most important characteristics of the problem is the rate of heat transfer at the plate. The rate of heat transfer from the plate y = 0 to the fluid may be calculated using the formula q w = −(∂T/∂y) y=0 and can be put in nondimensional form in terms of Nusselt number as small frequencies there is a phase lead but for large frequencies there is a phase lag. The tangent of the phase shift tanφ 3 increases with the increase in Re.
